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)LJ6FKHPDWLFSULQFLSOHVRIWKHW\SLFDOWZRFRLOIOLSSHUDDQGEVKRZWKHIOLSSHU2))DQG21
PRGH UHVSHFWLYHO\ ,Q WKH IOLSSHU2))PRGH WKH FXUUHQW GLUHFWLRQVRI WKH WZRFRLOV DUH VDPHDQG
QHXWURQVSLQFRPSRQHQWSDUDOOHOWRWKHJXLGHILHOGLVREWDLQHG2QWKHRWKHUKDQGLQWKHIOLSSHU21
PRGHRSSRVLQJFXUUHQWVDUHDSSOLHGWRWKH&RLOLQDQGQHXWURQVSLQDQWLSDUDOOHOWRWKHJXLGHILHOGLV
REWDLQHG
,QWURGXFWLRQ
3RODUL]HGQHXWURQUHIOHFWRPHWU\LVDYHU\HIIHFWLYHPHWKRGWRLQYHVWLJDWHDOD\HUVWUXFWXUHRIPDJQHWLFWKLQ
ILOPV DQG WKLV LV H[SHFWHG WR OHDG WR GHYHORSPHQW RI KLJKGHQVLW\ PDJQHWLF UHFRUGLQJ GHYLFHV )RU WKLV
GHYHORSPHQWPHDVXUHPHQWRIDYHU\ZHDNPDJQHWLVPOHVV WKDQP%LVUHTXLUHG+HQFHDSRODUL]HGQHXWURQ
EHDPZLWKKLJKSRODUL]DWLRQRIPRUHWKDQLVQHFHVVDU\IRUVXFKLQYHVWLJDWLRQV
$QHZQHXWURQUHIOHFWRPHWHU6+$5$.8ZLWKDYHUWLFDOVDPSOHSODQHJHRPHWU\ZDVFRQVWUXFWHGDWEHDP
OLQH%/DW0/)6+$5$.8SURYLGHVSRODUL]HGQHXWURQVDQGHQDEOHVXVWRDQDO\]HDPDJQHWLFVWUXFWXUH
LQDPDJQHWLFWKLQILOP+HQFHSRODUL]LQJGHYLFHVDQGQHXWURQVSLQIOLSSHUVKDYHWREHLQVWDOOHGWR6+$5$.8
,Q WKLV SDSHU WKH WRSLF LV IRFXVHG WR WKH GHYHORSPHQW DQG GHPRQVWUDWLRQ RI QHXWURQ VSLQ IOLSSHU RQ
6+$5$.8
$WZRFRLOVSLQIOLSSHUVRFDOOHG'UDENLQIOLSSHULVRQHRIWKHHIIHFWLYHIOLSSHUVIRUZKLWHEHDPV'HVLJQ
VWXG\RIWKHWZRFRLOIOLSSHUZDVSHUIRUPHGWRDFKLHYHDKLJKSRODUL]DWLRQPRUHWKDQDQGGHPRQVWUDWLRQ
ZDVSHUIRUPHGDW6+$5$.87KHGHWDLOVRI WKHGHVLJQVWXG\DQGGHPRQVWUDWLRQDUHGHVFULEHG LQVHFWLRQ
DQGUHVSHFWLYHO\
'HVLJQRIWKHWZRFRLOIOLSSHU
+HUHWKHSULQFLSOHVRI WKH WZRFRLOIOLSSHUDUHEULHIO\H[SODLQHG>@)LJXUHDDQGEVKRZVFKHPDWLF
SULQFLSOHVRIWKHW\SLFDOWZRFRLOIOLSSHUZLWK2))DQG21UHVSHFWLYHO\7KHWZRFRLOIOLSSHUFRQVLVWVRIWZR
FRLOV&RLOLQDQG&RLORXWVHWFRD[LDOO\DERXWWKHQHXWURQEHDPSDWKGLUHFWLRQ]GLUHFWLRQ7KHWKLQDUURZV
LQILJLQGLFDWHWKHGLUHFWLRQRIWKHPDJQHWLFILHOGJHQHUDWHGE\WKHWZRFRLOV7KHVSLQRILQFLGHQWSRODUL]HG
QHXWURQ EHDP IROORZV WKH JXLGH PDJQHWLF ILHOG JHQHUDWHG E\ WKH &RLOLQ DGLDEDWLFDOO\ :KHQ ERWK RI WKH
FXUUHQWVDUHDSSOLHGWRVDPHGLUHFWLRQDVVKRZQLQILJDWKHPDJQHWLFILHOGLQWKHWZRFRLOIOLSSHUGRHVQRW
FKDQJHGLUHFWLRQIURP&RLOLQ WR&RLORXW7KHQHXWURQVSLQDOVRGRHVQRWFKDQJH WKHGLUHFWLRQDQGUHPDLQV
SDUDOOHOWRWKHPDJQHWLFILHOG+HQFHWKHVSLQFRPSRQHQWSDUDOOHOWRWKHJXLGHILHOGLVREWDLQHG2QWKHRWKHU
KDQGZKHQDQRSSRVLQJFXUUHQWLVDSSOLHGWRWKH&RLOLQDVVKRZQLQILJEPDJQHWLFILHOGLVFDQFHOOHGDW
WKH FHQWHU RI WKH WZR FRLOV 7KH VSLQ RI LQFLGHQW SRODUL]HG QHXWURQ EHDP IROORZV WKH JXLGHPDJQHWLF ILHOG
JHQHUDWHGE\WKH&RLOLQDGLDEDWLFDOO\:KHQQRUDGLDOGLUHFWLRQRIPDJQHWLFILHOG%[RU%\H[LVWDWWKHFHQWHU
RIWKHWZRFRLOVQHXWURQVSLQLVFRQVHUYHGEHFDXVHWKHVSLQGRHVQRWFKDQJHGLUHFWLRQZLWKRXWDPDJQHWLFILHOG
SHUSHQGLFXODU WR WKH QHXWURQ VSLQ 7KXV WKH QHXWURQ VSLQ EHFRPHV DQWLSDUDOOHO WR WKH JXLGH ILHOG QRQ
DGLDEDWLFDOO\DQGWKHVSLQFRPSRQHQWDQWLSDUDOOHOWRWKHJXLGHILHOGLVREWDLQHG
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)LJ6FKHPDWLFYLHZRI6+$5$.87KHFHQWHURIWKHWZRFRLOVIOLSSHULVSODFHGDW] PP
6LQFHWKHHIIHFWLYHVL]HRIWKHPRGHUDWRULVPPDQGWKHW\SLFDOVDPSOHVL]HLVPPWKHVL]HRI
QHXWURQEHDPDWWKHFHQWHURIWKHWZRFRLOIOLSSHULVPP
)LJ  &RQFHSWXDO ILJXUH RI VLPXODWHG PRGHO ([WHUQDO PDJQHWLF ILHOG RI  2H LV DSSOLHG DV DQ
HQYLURQPHQWDOPDJQHWLFILHOG0DJQHWLFILHOGDORQJWRDEHDPSDWKGLVWDQWE\GPPIURPFHQWUDOD[LV
LVFDOFXODWHGE\LQWHJUDOHOHPHQWPHWKRGDQG%LRW6DYDUWODZ
)LJXUHVKRZVDVFKHPDWLFYLHZRI6+$5$.87KH[\]GLUHFWLRQVDUHKRUL]RQWDOYHUWLFDODQGEHDP
SDWKGLUHFWLRQVUHVSHFWLYHO\(IIHFWLYHVL]HRIWKHPRGHUDWRULVPPLQKHLJKWDQGW\SLFDOVDPSOHVL]HLV
PPLQKHLJKW6LQFHWKHFHQWHUSRVLWLRQRIWKHWZRFRLOIOLSSHULVSODFHGDW] PPWKHW\SLFDOEHDP
VL]HDWWKHFHQWHURIWKHWZRFRLOIOLSSHULVDERXWPPLQKHLJKW0RUHRYHUZDYHOHQJWKRISRODUL]HGQHXWURQ
UDQJHLVEHWZHHQQPWRQPLQ6+$5$.8>@7KXVWKHWZRFRLOIOLSSHUKDVWRFRYHUDPPRI
EHDPVL]HDQGZDYHOHQJWKIURPQPWRQP
$VPHQWLRQHG LQ ILJ EZHFDQREWDLQ WKHQHXWURQVSLQFRPSRQHQWDQWLSDUDOOHO WR WKHPDJQHWLFJXLGH
ILHOGZLWKRXWUDGLDOGLUHFWLRQRIPDJQHWLFILHOGDW WKHFHQWHURIWKHWZRFRLOIOLSSHU7KLVPHDQVWKDWPDNLQJ
]HUR PDJQHWLF ILHOGV DW WKH FHQWHU RI WKH WZRFRLO IOLSSHU LV WKH PRVW LPSRUWDQW IDFWRU WR GHYHORS D KLJK
SHUIRUPDQFHWZRFRLOIOLSSHU7KHGLDPHWHUVRIWZRFRLOVWKHGLVWDQFHEHWZHHQWKHWZRFRLOVDQGWKHPDJQHWLF
VKLHOGEHWZHHQWKHWZRFRLOVDIIHFWWKHPDJQHWLFILHOGDWWKHFHQWHU$OWKRXJKODUJHGLDPHWHUDQGGLVWDQFHDUH
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)LJ2QHRI WKHUHVXOWVRIFDOFXODWLQJPDJQHWLFILHOGDDQGVLPXODWLRQRIH[SHFWDWLRQYDOXHVDQG
SRODUL]DWLRQE'RWVGDVKHGOLQHDQGOLQHLQGLFDWH[\DQG]FRPSRQHQWVLQILJDDQGE7KLQ
OLQHVKRZQLQILJELVSRODUL]DWLRQ3
HIIHFWLYHWRPDNH]HURPDJQHWLFILHOGVDWWKHFHQWHUDVSDFHWRVHWWKHWZRFRLOIOLSSHURQ6+$5$.8LVDERXW
PPLQKRUL]RQWDO[PPLQYHUWLFDO\DQGPPLQEHDPSDWKGLUHFWLRQ]7KXVLQWKLVVWXG\
GLDPHWHUVRIWKHWZRFRLOVDQGWKHGLVWDQFHDUHIL[HGWRPPDQGPPUHVSHFWLYHO\$GHVLJQVWXG\RI
WKHWZRFRLOIOLSSHURQ6+$5$.8ZDVIRFXVHGWRHYDOXDWHWKHSHUIRUPDQFHRIWKHSHUPDOOR\PDJQHWLFVKLHOG
(YDOXDWLRQ RI WKH SHUIRUPDQFH RI WKHPDJQHWLF VKLHOGZDV SHUIRUPHG E\ FDOFXODWLQJ WKHPDJQHWLF ILHOGV
DORQJ WKHEHDPSDWK$IWHU WKDWVLPXODWLRQRIQHXWURQVSLQSRODUL]DWLRQDORQJ WKHFDOFXODWHGPDJQHWLF ILHOG
ZDVSHUIRUPHG)LJXUHVKRZVDFRQFHSWXDOILJXUHRIVLPXODWHGPRGHO3HUPDOOR\PDJQHWLFVKLHOGLVDSSOLHG
DURXQG WKH WZRFRLOV IOLSSHU $Q H[WHUQDO KRPRJHQHRXV PDJQHWLF ILHOG RI  2H LV DSSOLHG DV DQ
HQYLURQPHQWDOPDJQHWLF ILHOG0DJQHWLF ILHOGDORQJWKHEHDPSDWKGLVWDQWE\GPPIURPWKHFHQWUDOD[LV LV
FDOFXODWHGZLWKDPPSLWFKE\ LQWHJUDOHOHPHQWPHWKRGDQG%LRW6DYDUW ODZ7ZRFRLOVFRQVLVWRIDZLUH
ZLWKPPGLDPHWHUDQGWKHQXPEHURIWXUQVRIWKHWZRFRLOVLV$FXUUHQWRI$LVDSSOLHGLQERWKFRLOV
3RODUL]DWLRQ RI QHXWURQ VSLQ LV VLPXODWHG E\ FDOFXODWLQJ DQ H[SHFWDWLRQ YDOXH RI QHXWURQ VSLQ DORQJ WKH
FDOFXODWHGPDJQHWLFILHOGDVIROORZV>@

ZKHUHVLVWKH3DXOLPDWUL[QLVWKHXQLWYHFWRURIPDJQHWLFILHOGZ%LVWKH/DUPRUIUHTXHQF\OLVWKHIOLJKW
SDWKRIWKHQHXWURQDQGYLVWKHQHXWURQYHORFLW\UHVSHFWLYHO\7KHSRODUL]DWLRQ3LVFDOFXODWHGE\WKHVFDODU
SURGXFWRIVSLQYHFWRU6DQGPDJQHWLFILHOGYHFWRU%
)LJXUHVKRZVRQHRI WKHUHVXOWVRIFDOFXODWLQJPDJQHWLF ILHOGDQGVLPXODWLQJ WKHSRODUL]DWLRQDORQJWKH
QHXWURQSDWKGLVWDQWE\PPG IURPWKHFHQWUDOD[LVIRUDZDYHOHQJWKRIQP&DOFXODWHGPDJQHWLF
ILHOGV%[%\DQG%]DORQJWKHQHXWURQSDWKDUHVKRZQLQILJDDQGH[SHFWDWLRQYDOXHVRI6[!6\!6]!
DQGSRODUL]DWLRQ3RI WKHQHXWURQVSLQDUHVKRZQLQILJE'RWVGDVKHGOLQHDQGOLQHLQGLFDWH[\DQG]
FRPSRQHQWVLQILJDDQGE7KHWKLQOLQHVKRZQLQILJEFRUUHVSRQGWRWKHSRODUL]DWLRQ37KH6]!
YDOXHLVIRUZKROHIOLJKWSDWKRQWKLVVLPXODWLRQDVVKRZQLQILJEDQGWKHGLUHFWLRQVRI%]EHIRUHDQG
DIWHU WKH FHQWHU RI WKH WZRFRLOV DUHQHJDWLYH DQGSRVLWLYH7KLVPHDQV WKDW WKHQHXWURQ VSLQ LV SDUDOOHO DQG
DQWLSDUDOOHOWRWKHPDJQHWLFILHOGEHIRUHDQGDIWHUWKHFHQWHURIWKHWZRFRLOVUHVSHFWLYHO\7KXVSRODUL]DWLRQ3
FKDQJHV IURP  WR  DW WKH FHQWHU RI WKH WZR FRLOV DQG QHXWURQ VSLQ FRPSRQHQW ZLWK DQWLSDUDOOHO WR WKH
PDJQHWLFILHOGLVREWDLQHG
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)LJ6LPXODWLRQUHVXOWRISRODUL]DWLRQ3FRPSDULQJWKHSHUIRUPDQFHRIPDJQHWLFVKLHOGRIDVLQJOH
OD\HUZLWK WKDW RI WULSOH OD\HU D DQG E DUH WKH UHVXOWZLWKZDYHOHQJWK RI  QP DQG  QP
UHVSHFWLYHO\6TXDUHGDQGFLUFOHGV\PEROVFRUUHVSRQGWRWKHSRODUL]DWLRQRIWKHWZRFRLOIOLSSHUZLWK
VLQJOHDQGWULSOHPDJQHWLFVKLHOG
)LJ   7KH UHVXOW RI WKH GHPRQVWUDWLRQ RI WKH
WZRFRLO IOLSSHU LQVWDOOHG WR 6+$5$.8
$OWKRXJK WKH VSLQIOLS SUREDELOLW\ LQFOXGHV
SRODUL]DWLRQ RI SRODUL]HU DQG DQDO\]HU
H[WUHPHO\ KLJK VSLQIOLS SUREDELOLW\ IRU ZLGH
ZDYHOHQJWKEDQGZDVREWDLQHG
)LJXUHVKRZVDVLPXODWLRQUHVXOWRISRODUL]DWLRQ3FRPSDULQJDSHUIRUPDQFHRIPDJQHWLFVKLHOGRIVLQJOH
ZLWKWKDWRIWULSOHOD\HURISHUPDOOR\,QWKHVLPXODWLRQPRGHORIWULSOHOD\HUHGVKLHOGLVVDPHZLWKWKHVLQJOH
RQHVKRZQLQILJH[FHSWWKHQXPEHURIOD\HUVRIPDJQHWLFVKLHOG,QWKHWULSOHVKLHOGPRGHOWKHQGDQGUG
VKLHOGVZHUHSODFHGFRD[LDOO\ZLWKWKHVWRQH7KHUDGLXVRIWKHQGVKLHOGZDVODUJHUE\PPWKDQWKDWRI
VWRQHDQGWKDWRIUGRQHZDVODUJHUE\PPWKDQWKDWRIQGRQH7KHWKLFNQHVVRIWKHQGDQGUGVKLHOG
ZDVVDPHZLWKWKDWRIVWRQHW PP6LPXODWLRQZDVSHUIRUPHGIRUZDYHOHQJWKRIQPILJD
DQGQPILJEDQGZLWKSDWWHUQVRIQHXWURQSDWKVRIG PP7KLVUHVXOWVKRZV
WKDW WKHSRODUL]DWLRQRIWKHWULSOHVKLHOGLVEHWWHU WKDQWKDWRIWKHVLQJOHRQHHVSHFLDOO\LQQHXWURQSDWKDSDUW
IURPWKHFHQWUDOD[LVDQGLQORQJHUZDYHOHQJWK
'HPRQVWUDWLRQDQGUHVXOW
$ WZRFRLOV IOLSSHU ZDV IDEULFDWHG DFFRUGLQJ WR
WKH VLPXODWLRQ UHVXOWV DQG KDV EHHQ LQVWDOOHG WR
6+$5$.8'HPRQVWUDWLRQRIWKHWZRFRLOV IOLSSHU
ZDVSHUIRUPHGDQGWKHUHVXOWRIVSLQIOLSSUREDELOLW\
LV VKRZQ LI ILJ  6LQFH D WUDQVPLVVLRQ W\SH RI
SRODUL]HUDQGUHIOHFWLRQW\SHRIDQDO\]HUDUHXVHGRQ
6+$5$.8WKHVSLQIOLSSUREDELOLW\FDQEHGHILQHG
E\3Q ,21±,2)),21,2))ZKHUH,21DQG
,2)) DUH QXPEHU RI QHXWURQV ZLWK WKH IOLSSHU 21
VSLQ XS DQG 2)) VSLQ GRZQ UHVSHFWLYHO\
$OWKRXJK WKH VSLQIOLS SUREDELOLW\ 3Q LQFOXGHV
SRODUL]DWLRQ RI SRODUL]HU DQG DQDO\]HU H[WUHPHO\
KLJKVSLQIOLSSUREDELOLW\IRUZLGHZDYHOHQJWKEDQG
ZDVREWDLQHG$OOWKHUHTXLUHGVSHFLILFDWLRQVIRUWKH
WZRFRLOVIOLSSHURQ6+$5$.83Q!IRUEHDPVL]HRIPPZLWKZDYHOHQJWKIURPQPWRQP
ZDVDFFRPSOLVKHG
 Hirotoshi Hayashida et al. /  Physics Procedia  42 ( 2013 )  130 – 135 135

$FNQRZOHGJHPHQWV
:HZRXOGOLNHWRWKDQNIRUDOOWKHSHRSOHZKRJDYHXVJUHDWHIIRUWVDQGFRQWULEXWLRQV
5HIHUHQFHV
>@*0'UDENLQ(,=DELGDURY<$.DVPDQ$,2NRURNRY6ROYLHW3K\VLFV-(73
>@7DNHGD0DVD\DVXHWDO&KLQHVH-RXUQDORI3K\VLFV
>@50DUX\DPD7(ELVDZD0+LQR67DVDNL<.DZDEDWD1XFO,QVWUP0HWK$

